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Background: Gold nanoparticles (GNPs) can potentially be used in biomedical fields ranging 
from therapeutics to diagnostics, and their use will result in increased human exposure. Many 
studies have demonstrated that GNPs can be deposited in the kidneys, particularly in renal 
tubular epithelial cells. Chronic hypoxic is inevitable in chronic kidney diseases, and it results 
in renal tubular epithelial cells that are susceptible to different types of injuries. However, the 
understanding of the interactions between GNPs and hypoxic renal tubular epithelial cells is still 
rudimentary. In the present study, we characterized the cytotoxic effects of GNPs in hypoxic 
renal tubular epithelial cells. 

Results: Both 5 nm and 13 nm GNPs were synthesized and characterized using various bio- 
physical methods, including transmission electron microscopy, dynamic light scattering, and 
ultraviolet-visible spectrophotometry. We detected the cytotoxicity of 5 and 13 nm GNPs 
(0, 1, 25, and 50 nM) to human renal proximal tubular cells (HK-2) by Cell Counting Kit-8 
assay and lactate dehydrogenase release assay, but we just found the toxic effect in the 5 nm 
GNP-treated cells at 50 nM dose under hypoxic condition. Furthermore, the transmission 
electron microscopy images revealed that GNPs were either localized in vesicles or free in 
the lysosomes in 5 nm GNPs-treated HK-2 cells, and the cellular uptake of the GNPs in the 
hypoxic cells was significantly higher than that in normoxic cells. In normoxic HK-2 cells, 
5 nm GNPs (50 nM) treatment could cause autophagy and cell survival. However, in hypoxic 
conditions, the GNP exposure at the same condition led to the production of reactive oxygen 
species, the loss of mitochondrial membrane potential (AYM), and an increase in apoptosis 
and autophagic cell death. 

Conclusion/significance: Our results demonstrate that renal tubular epithelial cells presented 
different responses under normoxic and hypoxic environments, which provide an important basis 
for understanding the risks associated with GNP use-especially for the potential GNP-related 
therapies in chronic kidney disease patients. 

Keywords: gold nanoparticles (GNPs), toxicity, autophagy, apoptosis 

Introduction 

Gold nanoparticles (GNPs), one of the most well-known nanomaterials, have several 
advantages, including simple synthetic protocols and stability, especially unique physi- 
cal, chemical and optical properties. These extraordinary features have made them 
to be widely applied in biomedicine for diagnostic and therapeutic purposes in the 
recent past, particularly for biosensors, biomarkers, molecular imaging, photothermal 
therapy, and targeted delivery of drugs and antigens. 12 Due to the rapid development 
of GNP applications, human safety concerns are gaining increased attention, which 
makes it necessary to better understand the biodistribution and circulation of GNPs in 
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the blood, their elimination from the body, and their potential 
toxicity to humans. 

GNPs are thought to be relatively nontoxic 3 7 in most 
previous studies. Among them, some groups reported that 
the extent of the toxic nature of these particles depended 
on the different diameter sizes, 813 the modifications, 14 ' 15 
and the surface functional attachments 1617 of the GNPs. 
In the articles, GNPs were reported to induce various cel- 
lular responses, such as necrosis, autophagy, apoptosis, 
altered gene expression, cell cycle disruption, and oxidative 
stress. 15 18 22 Autophagy (generally thought to be a survival 
mechanism) could be induced by many cytotoxic stimuli, 
including various types of nanoparticles, 23 26 but it is still 
unclear whether autophagy plays a prosurvival or a prodeath 
role under some specific circumstances, such as hypoxic. 

Until now, studies on the biological effects of GNPs are 
often focused on liver, spleen, and pulmonary toxicity. 27 32 
However, little attention has been paid to kidneys, which 
are particularly susceptible to xenobiotics due to their high 
blood supply and ability to concentrate toxins. Sereemaspun 
et al 33 demonstrated that GNPs were heavily taken up by 
kidney cells, causing nephrotoxicity. To the best of our 
knowledge, renal tubules, particularly proximal tubules, 
are susceptible to different types of injuries, such as envi- 
ronmental toxins, nephrotoxic drugs, ischemia/reperfusion, 
and hypoxic. Abdelhalim and Jarrar clearly observed dam- 
age to proximal tubular epithelial cells in rats exposed to 
GNPs. 34,35 Furthermore, numerous metallic nanoparticles 
are selective nephrotoxicants that preferentially accumu- 
late in the kidneys, further to induce renal injury. 36 39 It has 
been known for some time that chronic kidney diseases 
(CKD) are often accompanied by hypoxic, which may play 
an important pathogenic role in the development of renal 
damage; 40 whereas, no study has been performed concern- 
ing GNP interactions with hypoxic kidney cells, especially 
proximal tubules. 

Overall, many questions about GNP interactions with 
hypoxic cells need to be answered. For instance, do hypoxic 
cells take up GNPs at the same rate as normoxic cells? 
Do GNPs affect cellular proliferation of hypoxic cells? 
Do GNPs cause autophagy and/or apoptosis in hypoxic 
proximal tubular epithelial cells, and is autophagy protec- 
tive against or detrimental to stress in hypoxic cells? Based 
on these critical questions, we employed the human renal 
proximal tubular cells (HK-2) to evaluate the uptake and 
cytotoxicity of GNPs in normoxic and hypoxic conditions 
and explore the relative mechanisms of toxicity to determine 
the biosafety of using gold or gold-derived nanoparticles in 
patients with CKD. 
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Materials and methods 

Synthesis and characterization of GNPs 

GNPs of 5 nm were produced via NaBH 4 reduction of a 
starting solution of sodium citrate and HAuCl 4 in water. Typi- 
cally, 1.0 mL of 1% HAuCl 4 (Sigma-Aldrich, St Louis, MO, 
USA) was added to 97 mL of Milli-Q water (EMD Millipore, 
Billerica, MA, USA) with vigorous stirring for 1 minute, then 

1 mL of 1% sodium citrate (Shanghai Chemical Reagent Co., 
Ltd., Shanghai, People's Republic of China) was added under 
rapid stirring for another 1 minute before the reduction was 
initiated through the addition of 1 mL of a freshly prepared 
1% NaBH 4 solution (Sinopharm Chemical Reagent Co., Ltd. 
People's Republic of China). GNP formation occurred imme- 
diately, as shown by the rapid color change from pale yellow to 
wine red while stirring vigorously. The 13 nm GNP synthesis 
was performed using the classical citrate reduction route. 41 

Briefly, 1 mL of 1% HAuCl 4 was boiled in 97 mL of 
Milli-Q water (EMD Millipore), followed by the addition of 

2 mL of 1% sodium citrate under vigorous stirring. The mixed 
solution was boiled for 1 5 minutes and then left to cool to room 
temperature naturally. The GNP precipitates were collected 
using centrifugation and rinsed with Milli-Q water three times, 
and then the products were filtered through a 0.22 jim filter 
and kept at 4°C before use. Transmission electron microscope 
(TEM) (JEM-1011; JEOL, Tokyo, Japan) and ultraviolet- 
visible spectrophotometry (UV-2450; Shimadzu, Kyoto, 
Japan) were used to determine the size, shape, and aggregation 
state of the nanoparticles, as previously described. 13 To inves- 
tigate the stability of dispersed GNPs under the conditions of 
biological exposure, the zeta potential and the hydrodynamic 
diameter were measured after dispersion of GNPs (10 mg/mL) 
in citrate-stabilized solution, water, phosphate buffered saline 
(PBS), Dulbecco's Modified Eagle's Medium (DMEM), and 
DMEM medium with 10% fetal bovine serum (FBS) using 
dynamic light scattering (DLS) (Zetasizer 3000; Malvern 
Instruments, Malvern, UK). 

Cell culture and hypoxic treatment 

Human renal proximal tubular epithelial cell line HK-2 was 
purchased from the Cell Bank of Type Culture Collection of 
Chinese Academy of Sciences (Shanghai, People's Republic of 
China). The HK-2 cells were cultured in high-glucose DMEM 
(Thermo Fisher Scientific, Waltham, MA, USA) supplemented 
with 10% FBS, 100 units/mL penicillin, and 100 |lg/mL 
streptomycin (Thermo Fisher Scientific) in humidified 
air containing 5% C0 2 at 37°C. After the cell doubled and 
redoubled, the vitality of cells was the best; this phase can be 
identified as the logarithmic growth phase. Cells in the loga- 
rithmic growth phase were used in all of the experiments. 
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To mimic hypoxic conditions, the cells and the GNP- 
containing medium were then incubated under low-oxygen 
conditions. The oxygen concentrations were maintained at 
l%-3% using a compact gas oxygen controller, which was 
held under positive pressure in an atmosphere of 94%-92% 
N 2 /5% C0 2 /l%-3% 0 2 for 24 hours. Hypoxic was confirmed 
using an oxygen meter. In the hypoxic studies, the cells were 
incubated with GNPs within the hypoxic workstation for 
24 hours until the assays were completed. The control cells 
were cultured in the normoxic conditions. 

Cytotoxicity assays 

The cytotoxicity induced by the GNPs was determined using 
the Cell Counting Kit-8 (CCK-8) assay and the lactate dehy- 
drogenase (LDH) release assay. The cells were seeded on a 
96-wellplate at a density of lxl 0 4 cells/well and incubated 
for 24 hours before the nanoparticles were applied. The 
determined concentrations of 5 nm and 13 nm GNPs were 
0, 1, 25, and 50 nM. To remove the GNPs' influence with 
the assay due to their inherent absorbance, cell-free controls 
containing different concentrations of GNPs were included 
in the assay in parallel to cells exposed to the nanoparticles 
of corresponding doses. At the end of the treatment, CCK-8 
dye (Dojindo Laboratories, Kamimashiki-gun, Kumamoto, 
Japan) was added to each well, and the plates were incubated 
for another 2 hours at 37°C. Subsequently, the absorbency of 
the solution was measured at a wavelength of 450 nm using an 
enzyme-linked immunosorbent assay reader (Thermo Fisher 
Scientific). The cell viability was calculated as the percentage 
of viable cells compared with the untreated controls. 

The activity of the LDH released from the damaged cells 
was measured using a cytotoxicity detection kit (Jiancheng 
Bioengineering Research Institute, Nanjing, People's Republic 
of China), according to the manufacturer's protocol. The cells 
were plated at a density of lxl 0 4 cells/well on a 96-well plate 
and cultured for 24 hours. The medium was replaced with fresh 
medium containing the GNPs of various concentrations, while 
media alone without GNPs was a control. After treatment 
for 24 hours, the supernatant from each well was transferred 
into the corresponding wells of an optically clear 96-well 
plate; the wells were then washed with PBS three times, and 
0.1% triton X-100 in PBS was added to each well to lyse the 
cell membranes for 10 minutes. Next, the lysed solution was 
transferred to the 96-well plate with supernatant, followed by 
the addition of the substrate mix (reagent A and reagent B; 
5:1). The plate was incubated for 15 minutes at 37°C, fol- 
lowed by the addition of reagent C. After incubation at 37°C 
for another 15 minutes, a termination solution was added to 
each well. The absorbance was recorded at 450 nm using an 
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enzyme-linked immunosorbent assay reader. The cell viability 
was calculated as the percentage of treated wells relative to the 
untreated controls. Three independent experiments and three 
replicates for all viability experiments were performed. 

Subcellular ultrastructure and localization 
of GNPs usingTEM 

The TEM analysis was used to investigate the uptake and 
intracellular localization of the GNPs inside the cells. The 
cells were seeded on 6-well plates at a density of 5xl0 5 cells/ 
well and cultured for 24 hours. Then, the cells were exposed 
to the GNPs (50 nM) for 24 hours. At the predetermined time, 
the cells were collected, washed three times with PBS, pel- 
leted using centrifugation, and fixed in 2.5% glutaraldehyde 
for 2 hours. After pellets were washed by PBS, the postfix- 
ation with 1% osmium tetroxide was performed. 

Finally, the pellets were dehydrated with an ascending 
series of alcohols before embedding the samples in Araldite® 
(Huntsman Advanced Materials, The Woodlands, TX, USA). 
The specimens were cut into ultrathin sections (50-70 nm), 
which were placed onto copper grids and stained with 
uranyl acetate and lead citrate. The ultrastructural analysis 
was performed using a JEM-1011EX instrument (JEOL, 
Tokyo, Japan). 

Annexin V-fluorescein isothiocyanate 
(FITC)/propidium iodide (PI) apoptosis 
assay 

Cell apoptosis was assessed by flow cytometry using the 
Annexin V-FITC/PI assay kit (Nanjing KeyGen Biotech, 
Nanjing, China) to differentiate the survival and apoptotic 
cells. The HK-2 cells were plated on 6-well plates at initial 
densities of 5xl0 5 cells/well and incubated for 24 hours prior 
to the addition of the GNPs. Fresh medium containing GNPs 
(50 nM) was added to the cells and incubated for another 
24 hours. Thereafter, the cells were trypsinized, washed with 
PBS, resuspended in binding buffer, and incubated with stain- 
ing solution (annexin V/PI =1:2) in the dark for 20 minutes 
at room temperature. Immediately after the annexin V/PI 
staining, fluorescence-activated cell sorting (FACS) analysis 
was performed using a FACSCalibur™ flow cytometer (BD 
Biosciences, San Jose, CA, USA). 

Immunofluorescence and confocal 
microscopy analysis 

Cells were plated on cover slips in a 24-well plate and 
cultured with standard medium containing 10% FBS. After 
treatment with various concentrations of GNPs (0, 1, 25, 
and 50 nM ) for 24 hours, the cells were washed with PBS at 
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4°C, fixed with 4% paraformaldehyde in PBS for 1 5 minutes 
at room temperature and permeabilized using 0.1% Triton 
X-100 in PBS for 15 minutes at room temperature. After 
blocking unspecific binding sites in 2% bovine serum albu- 
min, the cells were incubated with 1 (ig/mL rabbit antihuman 
LC3B antibody (Sigma-Aldrich Co.; dilution 1 : 1 ,000) at 4°C 
overnight. On the following day, the slides were washed three 
times with PBS and treated with the appropriate FITC-labeled 
secondary antibody (Santa Cruz Biotechnology Inc., Dallas, 
TX, USA; dilution 1:1,000) for 1 hour at 37°C in the dark. 
Then, the cells were stained with nuclear stain Hoechst 33342 
(10 |lg/mL) for 5 minutes at room temperature. Finally, the 
images were taken using a Confocal Microscope (FV1000; 
Olympus Corporation, Tokyo, Japan). 

Determination of intracellular reactive 
oxygen species (ROS) generation 

The level of intracellular ROS was determined using 2', 
T'-dichlorofluorescin diacetate (H 2 DCFDA; Sigma-Aldrich), 
which is one of the most widely used techniques for directly 
measuring the redox state of a cell. After exposure to various 
concentrations of GNPs for 24 hours, the cells were rinsed with 
PBS and then stained with H 2 DCFDA diluted in serum- free 
medium and incubated for 30 minutes at 37°C in the dark. After 
incubation, the dichlorofluorescin diacetate (DCF-DA) reagent 
was removed, and the cells were washed three times with 
serum-free medium and then resuspended in PBS. The fluores- 
cence was measured using a FACSCalibur™ flow cytometer at 
excitation and emission wavelengths of 488 nm and 525 nm, 
respectively, for DCF fluorescence within 30 minutes. 

Western blotting 

The cells were plated on 24-well plates and cultured in 
DMEM supplemented with 10% FBS for 24 hours. After 
the cells were treated with GNPs of determined concentra- 
tions for another 24 hours, they were washed three times 
with ice-cold PBS and lysed with radio immunoprecipitation 
assay buffer containing protease inhibitors. After 15 min- 
utes of incubation on ice to ensure complete lysis, the cell 
ly sates were centrifuged at 13,000x g for 10 minutes at 4°C. 
The supernatant containing the cytoplasmic protein fraction 
was transferred to a new tube. The protein concentrations 
of the lysates were examined using the Bradford protein 
assay kit. The cell lysates were boiled and separated using 
sodium dodecyl sulfate polyacrylamide gel electrophoresis 
and transferred onto a polyvinylidene difluoride membrane 
via semidry transfer (Bio-Rad Laboratories Inc., Hercules, 
CA, USA). The membranes were washed in Tris-buffered 
saline containing 0.1% Tween 20 (TBS-T), blocked with 5% 



nonfat milk in TBS-T for 1 hour at room temperature, and 
incubated with a primary rabbit monoclonal antibody against 
LC3B (Sigma-Aldrich; dilution 1:1,000), anti-Beclin-1 (Cell 
Signaling Technology, USA; dilution 1:1,000) or (3-actin 
(Bioworld Technology Inc, USA; dilution 1 : 5,000) overnight 
at 4°C. The membranes were washed three times in TBS-T, 
followed by incubation with the appropriate horseradish 
peroxidase-linked secondary antirabbit antibodies (Santa 
Cruz Biotechnology Inc.; dilution 1 : 5,000) for 1 hour at room 
temperature. The specific proteins on the blots were devel- 
oped with enhanced chemiluminescence (ECL; Amersham 
Biosciences, Piscataway, NJ, USA) and visualized as the 
bands on an CL-XPosure Film (Thermo Fisher Scientific). 
The optical densities of the bands were measured on the 
GS710 Densitometer and analyzed with Quantity One image 
analysis software (Bio-Rad Laboratories Inc.). 

Detection of the changes 

in the mitochondrial membrane 

potential (A^M) 

The mitochondrial membrane potential was determined using 
a JC-1 Apoptosis Detection Kit (Nanjing KeyGen Biotech, 
Nanjing, China). The HK-2 cells were plated on 6-well plates 
and treated with 0 nM and 50 nM of GNPs for 24 hours. 
Then, the AYM was processed as per the manufacturer's 
instructions and analyzed using flow cytometry at an exci- 
tation wavelength of 488 nm and an emission wavelength 
of 530 nm. 

Statistical analysis 

All experiments were performed at least three times, and the 
results were shown as the mean ± standard deviation. The sta- 
tistical analysis was performed using the Student's /-test with 
the SPSS 16.0 statistical program (SPSS Inc., Chicago, IL, 
USA). *P<0.05 was considered statistically significant. 

Results 

Synthesis and characterization of GNPs 

Two particle sizes (5 nm and 13 nm) of citrate GNPs were 
synthesized in situ and characterized as previously described. 
The TEM and DLS results for the GNP samples are summa- 
rized in Table 1 . Our TEM study showed that particles had 
either a spherical or slightly elliptical shape with a narrow size 
distribution (Figure 1 A), and the average particle's size was 
5.07+0.45 nm and 13.41+0.94 nm, and the corresponding size 
distribution histograms were shown in Figure IB. Compara- 
ble dimensions - 1 1.12 nm and 20.60 nm, 19.98 nm and 24. 19 
nm, 28. 14 nm and 34.80 nm for the 5 nm and 13 nm GNPs - 
were examined after a 24-hour incubation in water solution, 
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citrate stabilized solution, and cell culture media (DMEM 
supplemented with 10% FBS) using DLS, separately. Sig- 
nificant agglomeration was observed after GNPs dispersed 
in PBS and DMEM medium, but not in water solution. The 
surface charges based on the zeta potential measurements 
were -47.7+10.6 mV and -44.6+14.7 mV for the 5 nm and 
13 nm GNPs in water solution, -40.2+9.7 mV and -36.8+ 
15.9 mV in citrate stabilized solution and -25.2+4.6 mV 
and -28.4+1 .96 mV in cell culture medium (DMEM supple- 
mented with 10% FBS) after a 24-hour incubation. The 
presence of a single peak with a low polydispersity index 
(Table 1) in the size distribution confirmed that the GNPs 
were monodispersed. Our results demonstrated that the sizes 
of both GNPs in the cell culture media were greater than those 
in the water solution, while the zeta potentials in the cell cul- 
ture media were lower than in the water solution (confirmed 
by DLS). This result may reflect the formation of a protein 
corona around the GNPs, as it has already been observed 
for other types of nanoparticles. In addition, the peaks in the 
UV-vis spectra of the 5 nm and 13 nm GNPs were detected at 
519 nm and 520 nm, respectively, further indicating the 
formation of GNPs (Figure 1C). 

Cytotoxicity of the gold nanoparticles 

The cytotoxicity of the GNPs in both hypoxic and normoxic 
HK-2 cells was evaluated using both the CCK-8 assay and 
the LDH detection. The cell viability was examined using 
the CCK-8 assay and reflected the cell metabolic activity in 
living cells, and the data were expressed as the percentage of 
the untreated control. The results in Figure 2A indicated that 
the cell viability was decreased as the concentration of GNPs 
was increased, and the change of the small size GNPs was 
more pronounced than that of the large size. Furthermore, the 



cell viability had a greater GNP-induced reduction in hypoxic 
conditions than in air. As shown in Figure 2 A, compared with 
cells grown in 21% oxygen, a much higher cytotoxicity was 
examined for hypoxic cells treated with the 5 nm GNPs at 
a concentration of 50 nM (7^=0.038), while the cell viability 
of the 13 nm GNPs group did not change, even at the same 
concentration of 50 nM (P=0.152). 

To further investigate GNP-mediated cytotoxicity on the 
hypoxic HK-2 cells, the amount of LDH released, which is a 
sensitive marker for cell membrane integrity, was analyzed 
after the cells were exposed to GNPs. We found that the 5 nm 
GNPs presented higher damage than did the 13 nm GNPs and 
that the 5 nm GNPs showed slightly higher cytotoxicity in 
hypoxic conditions than that in natural air (Figure 2B), which 
further confirmed the results from the CCK-8 assay. Now that 
50 nM of 5 nm GNPs could induce a significant cytotoxic- 
ity under hypoxic conditions, we chose the concentration of 
50 nM of 5 nm GNPs for the following experiments to 
explore the related mechanisms. 

GNP uptake and intracellular localization 

The cellular uptake of GNPs was observed both in hypoxic 
and normoxic conditions treated with 5 nm GNPs (50 nM) 
for 24 hours. GNPs appeared as bright spots within the 
cells, and most of them located around the nuclei under light 
microscopy. More particles were observed inside the hypoxic 
cells compared to the normoxic cells. However, no obvious 
morphological alterations for GNP-exposed cells were found 
(Figure 3 A), whether in normoxic (Figure 3B) or hypoxic 
conditions (Figure 3C). 

To further clarify the intracellular fate of the GNPs in 
the hypoxic cells, TEM analysis of ultrathin sections was 
used to visualize the GNP uptake and the intracellular 



Table I Characterization summary for gold nanoparticles 

Particle TEM DLS 

Size distribution, M ± SD (nm) Z-average diameter (nm) PDI Zeta potential (mV) 



5 nm 
Water 
Citrate 
PBS 
DMEM 

DMEM +10% FBS 

13 nm 
Water 
Citrate 
PBS 
DMEM 

DMEM + 10% FBS 



5.07+0.45 



1 3.4 1 ±0.94 



I 1.12 
19.98 
1 ,002.00 
966.70 
28.14 

20.60 

24.19 

1,505.00 

805.70 

34.80 



0.175 
0.132 
0.576 
0.475 
0.201 

0.203 
0.1 14 
0.433 
0.360 
0.181 



-47.7+10.6 

-40.2+9.7 

-29.2+1.2 

-20.1+3.3 

-25.2+4.6 

-44.6+14.7 

-36.8+15.9 

-20.4+5.2 

-19.4+1.8 

-28.4+1.9 



Abbreviations: TEM, transmission electron microscope; DLS, dynamic light scattering; M, mean; SD, standard deviation; PDI, polydispersity index; PBS, phosphate buffered 
saline; DMEM, Dulbecco's Modified Eagle's Medium; FBS, fetal bovine serum. 
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Figure I Characterization of the GNPs. (A) TEM images of GNPs (scale bar, 20 nm). (B) Size distributions measurements of the GNPs. (C) Ultraviolet -visible spectra of the GNPs. 
Abbreviations: TEM, transmission electron microscope; GNP, gold nanoparticles. 



distribution both in normoxic and hypoxic cells after incu- 
bation with GNPs. As shown in Figure 3D-L, more GNPs 
were internalized into the hypoxic cells (Figure 3G and I) 
than those into the normoxic cells (Figure 3D), similar to the 
results from the light microscopy. It also indicated that most 
of the internalized GNPs was localized inside the lysosomes 
as small or large aggregates (Figure 3E, F, H, J, K), while few 
GNP aggregates localized in the intercellular compartments, 
such as phagosomes for both the normoxic and hypoxic cells. 



Moreover, compared with normoxic cells, the GNPs were 
more prone to be internalized in hypoxic cells, which caused 
the formation of an increase in autophagosome (Figure 3L), 
together with a greater number of vacuoles and increasing 
diameters of the existing vacuoles (Figure 31, J, K). 

GNPs induce apoptosis in hypoxic cells 

To understand the modes of cell death, the annexin V-FITC/ 
PI double staining was analyzed using flow cytometry. The 
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A B 




Figure 2 Cytotoxicity of normoxic and hypoxic HK-2 cells by MTT (A) and LDH assays (B) after incubation with the 5 and 1 3 nm GNPs (0, I, 25, and 50 nM) for 24 hours. 
Notes: Error bars represent mean ± SD (n=3). *P<0.05 and it indicates a statistically significant difference compared to the control. 
Abbreviations: GNPs, gold nanoparticles; LDH, lactate dehydrogenase. 



percentage of apoptotic cells death was presented as the sum of 
the percentage of early apoptotic cells and late apoptotic cells. 

As shown in Figure 4, only few apoptotic cells were 
detected in the normoxic control group (6.56%±1.01%). 
However, a significant increase in the percentage of apoptotic 
cells was detected in the GNPs and the hypoxic cotreatment 
group (21.11 %±1 .20%) compared to that in the hypoxic con- 
trol group (10.45%±2.33%) and the GNP-treated normoxic 
group (8.48%±1 .26%), which indicated that the 5-nm GNPs 
(50 nM) were more efficient to induce cellular apoptosis in 
1% oxygen environments than in 21% oxygen conditions. 
The data were consistent with the CCK-8 and LDH results. 

GNPs enhance autophagy in hypoxic cells 

Autophagy is generally thought to be a cell survival mecha- 
nism, but it is also suggested to be an alternative cell death 
pathway. Few works have demonstrated that GNPs can 
induce autophagy. 18 21 Based on this finding, we proceeded 
to measure whether autophagy played a role in the examined 
GNP-induced cell toxicity under hypoxic conditions. There- 
fore, we studied the ultrastructural changes in cells from the 
different groups using TEM (Figure 3F and L). As shown in 
Figure 3L, hypoxic cells treated with GNPs clearly exhibited 
an accumulation of autophagic vacuoles. Next, the induc- 
tion of autophagy was assessed using LC3 (one autophagy 
biomarker) immunofluorescence. 

In Figure 5 A and B, the GNP-treated hypoxic cells induced 
a significant accumulation of LC3-positive vesicles compared 
with the control. Simultaneously, we performed Western 
blotting analysis of the protein extracts from the different cell 
groups for autophagy marker proteins, microtubule-associated 



protein 1 light chain 3 (MAP-LC3B) andBeclin-1 (Figure 5C). 
A quantitative analysis of the proteins was shown in Figure 
5D, and (3-actin was used as a loading control. We used the 
ratio of LC3-II/LC3-I and Beclin-1 to reflect the autophago- 
some formation, and the results indicated that GNP-treated 
hypoxic cell presented significantly autophagosome formation 
compared to other groups. Besides, the ratio of LC3-II/LC3-I 
and Beclin- 1 expression was also enhanced compared with the 
control group in normoxic conditions. To sum up, these results 
strongly suggested that the 5 nm GNPs (50 nM) could cause 
autophagy in normoxic conditions, while hypoxic treatment 
could exaggerate the effect. 

GNPs enhance ROS generation 
in hypoxic cells 

Oxidative stress is believed to be one of the most important 
mechanisms of nanotoxicity, and the levels of intracellular 
ROS serve as reliable indicators of oxidative stress, which 
is essential for the induction of autophagy. To assess the 
potential role of oxidative stress, intracellular ROS genera- 
tion was measured after 24 hours of exposure to 5 nm GNPs 
at 50 nM in both normoxic and hypoxic conditions. As shown 
in Figure 6, we observed that there was an approximately 
two-fold increase in ROS in the GNP-treated normoxic 
group and a nearly seven-fold increase in the GNP-treated 
hypoxic group over the normoxic control cells. We also found 
that the GNP-induced ROS was 1.63-fold increase over the 
control level under hypoxic conditions. The ROS genera- 
tion was also examined using fluorescence microscopy, and 
the brightest fluorescence intensity was detected in hypoxic 
cells exposed to GNPs. Therefore, the previously stated data 
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Figure 3 The GNP uptake and intracellular localization (A-C) and TEM images of normoxic (D-F) and hypoxic HK-2 cells (G-L) after 24 hour incubation with the 5-nm 
50 nM GNPs. 

Notes: Representative bright field images of the HK-2 cells untreated (A) or treated with the 5-nm 50 nM GNPs under normoxic (B) and hypoxic conditions (C). The GNPs 
form distinct, dark aggregates in the cells (black short arrows). GNPs were localized in lysosomes (black long arrows) and autophagosomes (white long arrows) (E), (H), and 
(K) represents the enlargement of black square area indicated in (D), (G), and (J), respectively. 
Abbreviations: GNP, gold nanoparticles; TEM, transmission electron microscopy. 



suggested that the GNPs resulted in a significant increase of 
intracellular ROS level, and hypoxic condition enlarged the 
phenomenon. 

Crosstalk between GNP-induced 
autophagy and apoptosis 

To clarify the interaction between GNP-induced autophagy 
and apoptosis, we studied the changes of apoptosis using 
3-methyladenine (3 -MA), a well-known autophagy inhibitor. 42 
As we expected, 3 -MA significantly inhibited the autophagy 
induced by the GNPs (Figure 7A). This treatment led to a 
35.85% decrease in the viability and a 29.2% increase in the 
apoptosis of the GNP-treated cells in normoxic conditions, 
and a 61.26% enhancement in the viability (Figure 7B) 



and a 51.48% reduction in the apoptosis (Figure 7C) in 
hypoxic conditions. These results indicated that autophagy 
could protect the GNP-treated cells against apoptosis in nor- 
moxic conditions; however, in hypoxic conditions, autophagy 
has a beneficial role in the apoptosis of GNP-treated cells. 

Mitochondrial membrane potential 

Because the autophagy inhibitor 3-MA led to only a 51.48%, 
not complete reduction in the GNP-treated cell apoptosis, we 
further explored other mechanisms of apoptosis to better under- 
stand this process. It has been reported that the disruption of 
the mitochondrial membrane potential (A^M) is an early event 
in apoptosis; therefore, we used JC-1 to assess the A*FM by 
examining its fluorescence intensity. As indicated in Figure 8, 0 
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Figure 4 The effect of GNPs on the apoptosis in HK-2 cells by annexin V-FITC/PI double-staining analysis. 

Notes: FCM images (A) and quantitative data (B) of HK-2 cells exposed to 0 or 50 nM GNPs for 24 hours in normoxic or hypoxic conditions. One-way analysis of variance 
followed by Dunnett's post hoc test was used for statistical analysis. The data were shown as mean ± SD, n=3. ***P<0.00 1 . 
Abbreviations: PI, propidium iodide; FITC, fluorescein isothiocyanate; SD, standard deviation; GNP, gold nanoparticles; FCM, fuzzy c-means. 



nM and 50 nM GNPs treatment led to slight decreases (3.98% 
and 5.93%) of A*FM in normoxic conditions, while in hypoxic 
conditions, the decrease of AYM was 16.54% and 28.29%, 
respectively. The GNP-treated hypoxic cells induced a much 
higher reduction of A^M, which was statistically different from 
that of any other groups. This result demonstrates that GNPs 
were able to trigger mitochondrial damage, which led to the 
enhancement of apoptosis under hypoxic conditions. 

Discussion 

This experiment was designed to determine the effects of 
GNPs on hypoxic human HK-2 cells. We noticed that the cel- 
lular uptake of GNPs was significantly increased at hypoxic 
conditions in HK-2 cells compared with normoxic conditions. 
However, Jain et al 43 reported that the GNP cellular uptake 
was lower under hypoxic than normoxic conditions. These 
results seem contradictory, but it is important to understand 
that the experimental conditions of these two studies are dif- 
ferent. Their cellular uptake experiment was performed under 
0. 1 %-l %, while we did it under 1 %-3% oxygen. In addition, 
these two studies used different cell lines. Thus, based on 
these findings, we hypothesize that mild hypoxic (l%-3% 
oxygen) is able to induce an increase in GNPs uptake, but 
severe hypoxic conditions or near anoxia (0.1% oxygen) 
often causes a reduction in GNPs uptake. Basically, hypoxic 
has previously been accepted to enhance receptor-mediated 
endocytosis, such as Na, K-ATPase, vascular endothelial 
growth factor receptors, and Notch. 44-46 Various studies have 



also demonstrated that GNPs are taken into cells via the recep- 
tor-mediated endocytosis pathway. 1147 Others have reported 
that hypoxic can increase the cellular uptake of glucose, 48 
5-HT, 49 Ca 2+ , 50 and some drugs, such as fludeoxyglucose. 51 ' 52 
Further studies on the mechanisms by which hypoxic may 
affect the cellular uptake of GNPs are warranted. 

Previous studies have shown that cellular or subcellular 
distributions of the nanoparticles have the potential to exert an 
influence on cytotoxicity. Our data obtained from CCK-8 and 
LDH assays showed a significant cytotoxic response after a 
24-hour exposure to 5 nm GNPs (50 nM) in hypoxic cells, but 
no obvious cytotoxicity was observed in the other groups. At 
the same dosage, the viability of the 5 nm GNPs-treated HK-2 
cells was lower than that of the 1 3 nm GNPs-treated cells. The 
5 nm particles showed much higher cytotoxicity than the 13 
nm particles, whether in normoxic or in hypoxic conditions, 
which is consistent with a previously reported trend. 81013 In 
addition, only a slightly reduced proliferation was detected in 
the hypoxic group compared with the corresponding normoxic 
group (Figure 2), which may be correlated with the amount of 
GNPs taken up by hypoxic cells because more GNPs local- 
izing inside cells could induce greater cytotoxicity. 

Because the effects of the 5 nm GNPs (50 nM) in hypoxic 
conditions were assured, we primarily focused on the potential 
molecular mechanisms. In this study, we demonstrated that the 
GNP-treated normoxic cells were able to induce autophagy 
and cell survival, while the hypoxic cells treated with GNPs 
often underwent autophagic cell death and apoptosis. 
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Figure 5 Autophagy detection in the GNP-treated cells. 

Notes: (A) Immunofluorescent images of the cells showing LC3B-protein-marked vesicles. (B) The proportion of LC3 positive cells (with at least five LC3 dots) to total cells 
(with green fluorescence) in images from (A) was analyzed. (C) The Western blotting analysis of the autophagy proteins LC3B and Beclin-I. Conversion of LC3 from the 
cytoplasmic form (LC3-I) to the autophagosome-associated form (LC3-II). The cells cultured under starving conditions (depletion of both amino acids and serum) for 4 hours 
were used as positive controls for autophagy. (3-actin served as the loading control. (D) Expression of LC3- II /I relative to that of (3-actin. Error bars represent mean ± SD 
(n=3). *P<0.05, **P<0.0l, and ***P<0.00l. 

Abbreviations: LC3, light chain 3; DAPI, 4^6-diamidino-2-phenylindole; GNP, gold nanoparticles; SD, standard deviation. 



The TEM analysis showed that most of particle clusters 
accumulated in vesicles of lysosomes or phagosomes, which is 
a direct evidence for the formation of autophagosomes. More- 
over, multiple assays, including transfection of GFP-LC3 and 
expression of the autophagy biomarker of LC3 and Beclin-1 , 
conversion of LC3-I to LC3-II, and autophagy inhibition assay 
using 3 -MA, demonstrated that GNPs could induce autophagy 
in normoxic cells, while hypoxic treatment could significantly 
enhance GNPs-induced autophagy. To the best of our knowl- 
edge, autophagy can promote cell survival and avert apoptosis 
under certain cellular conditions. However, it has also been 
suggested that autophagy may eventually lead to cell death, 
either independently or in concert with apoptosis. 23 24 

In our study, the role of autophagy in cell death was 
further confirmed by the fact that pretreatment with the 
autophagy inhibitor 3 -MA resulted in a 6 1 .26% reduction in 
cell death. Furthermore, the percentage of cells that under- 
went apoptosis showed a 5 1 .48% reduction after pretreatment 
with 3 -MA, indicating that apoptosis was partly mediated 
by autophagy. Moreover, the autophagy inhibition induced 
an approximately 10% decrease in cell death. These results 
suggested that the GNPs upregulated autophagy could simul- 
taneously lead to cell apoptosis and autophagic cell death in 
hypoxic HK-2 cells. A role for autophagy in cell death has 



been proposed, but the mechanisms controlling autophagy in 
hypoxic HK-2 cells are unclear. It is widely recognized that 
ROS play an important role in the induction of nanoparticle- 
mediated autophagy. Our results show that autophagy activa- 
tion was accompanied by a corresponding increase in ROS 
generation. In addition, GNP-induced hypoxic cell autophagy 
may occur through the phosphatidylinositol 3 -kinase (PI3K) 
pathway (an important pathway in autophagy regulation), 53 
because it could be efficiently inhibited by 3 -MA, which is 
considered to be a specific inhibitor of PI3K activity. 

Taken together, it is probable that the ROS induced by 
the GNPs can trigger autophagy both directly and indirectly 
via inhibition of the classical autophagy signaling pathway, 
phosphatidylinositol 3-kinase/protein kinase B/mammalian 
target of rapamycin (PI3K/Akt/mTOR), but its mechanism is 
still unknown. Therefore, further studies should be performed 
to better understand this process. 

Apoptosis is an essential method for maintaining homeo- 
stasis in terms of cell division and cell death, and our results 
from the flow cytometry analysis identified that exposure to 
5 nm GNPs (50 nM) increased apoptosis in both hypoxic 
and normoxic HK-2 cells, while hypoxic treatments resulted 
in a much higher rate of apoptosis in HK-2 cells, which is 
consistent with the previously mentioned reports. 
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Figure 6 ROS formation in the GNP-treated HK-2 cells for 24 hours under normoxic or hypoxic conditions. 

Notes: (A) FCM images of ROS fluorescence intensities within the cells and expressed as the percentage of the DCF fluorescencent intensity of the control. (B) Quantitative 
analysis of ROS fluorescence intensities. One-way analysis of variance followed by Dunnett's post hoc test was used for statistical analysis. The data was presented as mean 
+ SD, n=3. ***P<0.00 1 . 

Abbreviations: GNP, gold nanoparticle; ROS, reactive oxygen species; FCM, fuzzy c-means; DCF, 2',7'-dichlorofluorescein; SD, standard deviation; SSC, side scatter; FL, 
fluorescence; DCFH-DA, 2',7'-dichlorofluorescin diacetate. 



Mitochondrial dysfunction plays a principal role in 
nanoparticle-mediated toxicity, and the loss of AYM can be 
enhanced or inhibited by many key regulators of apoptosis. 
In the present study, we found that GNPs induced a signifi- 
cant loss in A^M under hypoxic conditions, and this loss of 
AYM suggests that the cell death observed in our experiments 
may be the synergetic effect of mitochondrial dysfunction 
and autophagy. 

An overview of the GNP-induced cell death pathway 
was summarized in Figure 9. Briefly, the GNPs act as trig- 
gers in the early phases of the autophagic process, induc- 
ing cytoprotection by eliminating the potential sources of 
proapoptotic stimuli in normoxic conditions. However, in 



hypoxic conditions, the prosurvival attempt fails, and GNPs 
cause cell death, which involves both the autophagic and 
apoptotic pathways. Autophagy appears to be the major death 
pattern, because autophagy inhibition causes up to a 6 1 .26% 
reduction in cell death. We also demonstrated GNP-induced 
hypoxic cell death was activated through the autophagy- 
induced and mitochondrial-mediated pathways. 

As we know, CKD is increasingly recognized as a world- 
wide public health problem, 54 55 and the patients with CKD 
unavoidably suffer from chronic hypoxic. Based on all of 
the data discussed here, we suggest that GNPs could be a 
potential hazard to CKD patients, and care must be taken 
when using GNPs in CKD patients to avoid this potential 
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Figure 7 Crosstalk between the GNP-induced autophagy and apoptosis. 

Notes: The cells were treated with 0 or 50 nM GNPs for 24 hours under normoxic or hypoxic conditions in the presence and absence of 3-MA and analyzed using (A, B) 
western blotting analysis of autophagy proteins LC3B, (C) cell viability by CCK-8, and (D, E) apoptosis detection by Annexin-V/PI staining. B and E were the quantitative data 
shown in A and D, respectively. One-way analysis of variance followed by Dunnett's post hoc test was used for statistical analysis. Graphs show mean ± SD, n=3. *P<0.05, 
**P<0.0l, and ***P<0.00l. 

Abbreviations: 3-MA, 3-methyladenine; GNP, gold nanoparticle; CCK-8, cell counting kit 8; PI, propidium iodide; SD, standard deviation. 
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Figure 8 Flow cytometry changes in the mitochondrial membrane potential. 
Notes: HK-2 cells treated with 0 or 50 nM GNP for 24 hours under normoxic or 
hypoxic conditions. The mitochondria membrane potential was measured using the 
JC-I apoptosis detection kit. One-way analysis of variance followed by Dunnett's 
post hoc test was used for statistical analysis. The data were shown as mean ± SD, 
n=3.***P<0.00l. 

Abbreviations: GNP, gold nanoparticle; SD, standard deviation. 



Figure 9 Schematic models of the effects of GNPs in normoxic and hypoxic HK-2 cells. 
Notes: GNPs induce autophagy and cell survival in normoxic cells, however, in 
hypoxic cells, GNPs exposure leads to the production of ROS, loss of A^M, and an 
increase in apoptosis and autophagic cell death. 

Abbreviations: GNP, gold nanoparticle; ROS, reactive oxygen species; A*FM, 
mitochondrial membrane potential. 
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toxicity. More studies are required to determine the GNP 
biodistribution-accumulation-retention-clearance effects 
and their toxicity in CKD patients. 

Conclusion 

In the present study, using HK-2 cells as the assay system, we 
performed a systematic investigation of the cellular response 
to the GNPs' exposure in both normoxic and hypoxic con- 
ditions. Our data indicate that GNPs treatment could cause 
autophagy and cell survival in normoxic conditions, while 
inducing cell apoptosis and autophagic cell death in hypoxic 
conditions. Considering the potential toxicity of GNPs in 
hypoxic HK-2 cells, the knowledge obtained here will be 
useful for guiding the development of GNP-related therapies 
in CKD patients and guaranteeing the safe applications of 
other nanotechnologies. 
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